Electrosurgical cutting is a wellknown technique for creating incisions often used for the removal of benign and malignant tumors. The proposed mathematical model suggests that incisions are created due to the localized heating of the tissue. The model estimates a volume of tissue heating in the order of 2 · 10 −4 mm 3 . This relatively small predicted volume explains why the heat generated from the very tip of the scalpel is unable to cause extensive damage to the tissue adjacent to the incision site. The scalpel exposes the target region to an RF field in 60 ms pulses until a temperature of around 100 °C is reached. This process leads to desiccation where the tissue is characterized by a significantly low electrical conductivity, which prevents further heating and charring. Subsequently, the incision is created from the mechanical scraping process that follows.
Introduction
The scalpel is the most commonly used cutting instrument in the operating room. Historically, the cold scalpel technique has been the preferred method for creating surgical incisions. However, its inability to control blood loss has made electro surgical probes a necessity. An innovative probe known as the hybrid scalpel has simultaneous capabilities of cutting and coagulating tissue by means of argon plasma with the benefit of reducing blood loss [1] [2] [3] [4] [5] [6] [7] . Alternative probes, such as the argon plasma probes, have been used for the treatment of early gastric cancer, superficial esophageal cancer and several types of skin cancers, but these probes are confined to coagulation [7] [8] [9] [10] [11] [12] [13] [14] . Despite the widespread application of this technology, the understanding of the underlying mechanism of electrosur gical cutting remains limited.
One of the key parameters of the cutting mechanism is current density, which determines the end result at the treatment site. The cutting mechanism is associated with continuous delivery of currents into the tissue governed by Joule's law [6] [7] [8] . Previous studies have investigated the mechanism of explosive vaporization for creating incisions [15] [16] [17] . These studies attribute the rapid tissue temper ature increase to the length of the high frequency (HF) pulses delivered within a few microseconds. Furthermore, investigators report that if tissue heating occurs slowly, the cellular liquid evaporates, resulting in tissue desiccation [6, 9, [15] [16] [17] [18] [19] .
Here, we propose a novel cutting mechanism based on the slow temperature increase approach where, desiccation is achieved prior to tissue slicing. The mechanism of electro surgical cutting is evaluated using a quantitative approach by combining experimental and theoretical results. In this paper, we (1) outline a physical and mathematical model to predict parameters of tissue heating in the area that comes in direct contact with the electrosurgical probe and (2) validate the model with experimental results.
Physical and mathematical model

The electric field near the tip of the electrode
Figure 1(a) shows a simplified model of an electrosurgical scalpel during tissue cutting. A more detailed explanation of this process and a description of the electrosurgical scalpel are presented in section 3. Figure 1(b) shows the measured cur rent (I) and voltage (U) produced by an electrosurgical system during cutting mode. The total load connected to the electro surgical system is comprised of two parts connected in series; namely the tissue load and the load of the micro gaps, which may be present between the tissue and the probe. Since (I) and (U) are in phase, the active part of the load's impedance is dominant, while the load's reactance is negligible. Note, the absence of a phase shift between (I) and (U) suggests no presence of plasma. If plasma were to be present a phase shift would be observed.
The active part of the load's impedance is associated with the electrical conductivity of the tissue. The typical electrical conductivity ( ) σ for various tissues has been reported in the range of 0.01-1 (S m −1 ) [20] [21] [22] [23] [24] [25] [26] [27] . In contrast, the load's reac tance is associated with the micro gaps between the tissue and the probe and/or with the nearelectrode sheaths (if the break down of these gaps occurs). Therefore, when in cutting mode the load perceived by the electrosurgical system is almost the same as the active resistance of the tissue. In the simulations, the load connected to the electrosurgical system is simply modeled by the active tissue resistance.
The tip of the electrosurgical electrode is assumed to be ellipsoid ( figure 5(b) ). In the simulations, the tip time varying potential is set as a boundary condition (figure 2). Since the ESU is operated in monopolar cutting mode the second electrode, also known as the patient port, is assumed to be at infinity.
The biological tissue is envisioned as an insulator with a jellylike texture that contains a mixture of water and ions such as: potassium, sodium, bicarbonate, amino acids etc. The sample is considered to have an electrical conductivity of σ = 0.01-1 (S m −1 ) [20] [21] [22] [23] [24] [25] [26] [27] and a dielectric constant of ε = 3-5, representative of the lipid bilayer formulated with DPPC (1,2dipalmitoylsnglycero3phosphocholine). DPPC is one of the most widely used phosphatidylcholines in mem brane models and one of the main components of eukaryotic cell membranes [24] . For calculation purposes it is assumed that 1 
) is the dielectric constant of vacuum. Boundary conditions for equation (7) . Line 1 corresponds to the boundary of the electrosurgical scalpel, and line 2 corresponds to the remote boundary at infinity.
The calculated M ( ) τ value is much smaller than the typ ical time variation of the potential on the electrode, which is
Based on these observations, the biological tissue can be considered quasineutral and the current density can be expressed as:
Under the considered condition, current continuity takes the following form:
Equation (3) can be written in the poloidal variable coordinate system (η and µ):
which leads to the expressions [28] :
where A and B are the semi axis of ellipsoid.
Since the electrode potential is fixed (i.e. independent from the variable μ), equation (4) modifies to:
where the boundary conditions (as shown in figure 2 ) are:
The volumetric heat source associated with the current is obtained from the simulation results for the spatial distribu tion of the potential (Φ):
As detailed in section 2.3., this volumetric heat affects the amount of current that penetrates the tissue, which leads to a temperature increase.
Simulation results
Simulations of potential distribution were performed for the following conditions:
The radius at the tip of the elec trode is estimated by r B A 0 2 / = = 0.0625 (mm) where A and B are the semi axis of the ellipsoid tip. Figures 3 and 4 show the potential, the electric field and the heat distribution at the tip of the white scalpel. The region of radiofrequency (RF) field where the largest source of heat is observed, it is localized at the tip of the scalpel with radius r 0 . This region creates a tissue heating volume of about 2 · 10 −4 mm 3 .
The estimation of tissue temperature in contact with the tip of the electrosurgical scalpel
The temperature of the biological sample during the cut ting process can be estimated by referring to the simulations results presented above. Since localized heating of the tissue is carried out by heat conduction, the equation takes the fol lowing form: where an approximate estimation of the temperature heating range is obtained from the following the thermo physical constants of water: coefficient of heat capacity C 4200 J Kg K 1 1
The typical exposure time ( t ex δ ) of a specific tissue loca tion to the RFfield produced by the electrosurgical scalpel, is dependent on the velocity of the scalpel's motion (v s ). This velocity is usually in the order of v s ~ 1 (cm s). Thus, the typ ical exposure time is estimated as: t 60
(ms). This length heating of pulse is associated with a slow temperature increase and, it is much longer than the microsecond range reported for the model of explosive vaporization.
Pulse duration and the size of the electrode also influ enced the extent of thermal spread. Based on these obser vations, the depth of thermal diffusion for any given region during the exposure time reported above can be estimated as
This value is significantly smaller in comparison to the area of the region heated by the tip of the electrode with radius r 0 = 6.25 · 10 −5 (m). Thus, the heating region is confined in the area where an RFfield exists, while heat diffusion is considered negligible for the estimated time scale of tissue exposure ( t ex δ ). The temperature increase rate of the tissue (Ṫ = 2 · 10 6 [°C s
]) can be estimated from equation (12) by neglecting the thermal conductivity term: . Based on these estimations and due to RFfield heating, the temperature at the tip of the probe increases to around 100 °C. Consequently the target site, which is in direct contact with the scalpel, experiences localized heating of up to that same temperature. These observations indicate that the size of the heated region is in a similar order of magnitude with r 0 , the probe tip radius.
It is important to note that according to equation (13) the increase in tissue temperature is proportional to V RMS 2 σ . Therefore, in order to achieve a particular temperature, a highly conductive tissue would require less voltage than a less con ductive tissue.
Experimental validation
Materials and methods
The experiments were carried out with the hybrid electro surgical system (ESU) SS200E/Argon2 from US Medical Innovations ( figure 5(a) ). The ESU can function in cutting and coagulation mode. However, for the purpose of this testing it was operated in pure cutting mode with an argon flow rate of 3 lpm. Energy was transmitted by the ESU in monopolar mode where the electrical current passing through the treatment site, exited the tissue through a dis persive neutral electrode known as the patient port. Five thawed biological samples for cow, chicken and pork were tested. The samples were rinsed twice with abundant deion ized water for up to one minute to remove as much of the electrolytes present in the tissue. The minimum amount of power required for creating a smooth and clear incision was recorded before and after each rinse treatment along with sample conductivity.
Power produced by the ESU.
The power produced by the ESU system against the known load resistance (R L ) was measured by using a set of noninductive thin film shunt resistors. The resistors were connected directly to the high voltage and the patient port of the ESU. over the cycle of applied voltage was calculated for each condition using Ohm's law.
Equivalent tissue resistance.
The range of equivalent tissue resistances (R t ) was determined using Ohm's law while using the minimum amount of power needed for creating an incision. The voltage was measured with a high voltage probe, whereas current was determined through a 10 Ω noninductive thin film shunt resistor connected to the circuit in series.
Electrical conductivity of biological tissue.
Tissue con ductivity was measured by utilizing the 4point method shown in figure 5(c) . The current in the circuit was determined with a 300 Ω shunt resistor. While the resistance of the conduc tive tissue was calculated by utilizing the measured voltage between the two most inner electrodes imbedded in the tissue.
Results
Tissue's electrical resistance and thus conductivity pri marily depends on the degree of vascularization and water content. Once the majority of the electrolytes are removed by rinsing with water, the sample experiences an increase in resistivity, and it becomes less conductive. Figure 6 presents the average measured conductivity for three different types of samples before and after they were rinsed with deion ized water. The results revealed a decrease in electrical con ductivity based on the number of water rinses with slight variation among samples. The conductivity of the biological tissues was thought to decrease due to the loss of electro lytes associated with tissue vascularization. Our measured sample conductivity of t σ = 0.17 − 0.7 (S m −1 ), which encompassed the pre and post rinse conditions, correlated well with the range reported in the literature for both human and animal tissue [20] [21] [22] [23] [24] [25] [26] [27] .
When the ESU system is operating in cutting mode, the equivalent tissue resistances determined from direct measurements were in the range of R t = 2-10 (kΩ). Note, the resistances (R t ) were also calculated utilizing the tissue conductivity measurements presented in figure 6 . Indeed, tissue impedance was modeled as the resistance of the half space filled with conducting material ( t σ ) between the hemi sphere (with radius r 0 ) located at the origin and at infinity: ) and the radius at the tip of the probe r 0 = 6.25 · 10 −5 (m), assumed to be in the same order of magnitude as the size of the heated tissue region, resulted in a tissue resist ance of R t = 3-15 (kΩ). This value was in agreement with the directly measured range of R t = 2-10 (kΩ).
The actual power output characteristics of the ESU oper ating in cutting mode as a function of resistance are shown in figure 7(a) . It is important to note the difference between the selected power setting and the actual power delivered by the ESU. In fact, the graph indicates that the actual power deliv ered to the tissue was 35-78% smaller in comparison to the power setting. These results showed the ESU system performing compa rably to a voltage source with 20% accuracy among different voltage readouts. As the power setting increased from 40-80 W, the RMS voltage (V RMS ) followed the same pattern by steadily increasing from 400-530 V ( figure 7(b) ). These observations are also inferred by figure 8, where again the RMS voltage increases based on the ESU power setting. Figures 7-8 confirm the ESU system behaving as a voltage source.
The experimental results of the tissue cutting process are discussed below. The electrosurgical unit was able to produce a scar 0.5 mm deep with a lateral spread of about 1-2 mm. The minimum amount of power needed to produce an incision was defined as the instance when 1-2 cutting strokes resulted in a smooth and visible separation of tissue. Figures 9(a) and (b) show incisions created before and after the water rinsing. As anticipated, the appearance of the sample changed after it was rinsed with deionized water. The change in appearance was due to tissue dehydration. Figure 10 shows the average minimum value of the power setting required for creating an incision. The power setting increased with the number of water rinses and varied slightly among samples. The minimum amount of power required for producing an incision in the untreated thawed samples was 30-40 W. This range increased to 55-75 W after two consecu tive water rinses, due to an increase in tissue resistance. The results presented in figure 10 confirm the findings of figures 6 and 8. Furthermore, they verified that the minimum RMS voltage required for creating an incision increased as the sam ples experienced a drop in electrical conductivity.
Discussions
In this section we proposed a cutting mechanism based on the measurements presented above. The presented simula tions indicate that any given tissue location is exposed to the RFfield produced by tip of the scalpel via 60 ms pulses while the scalpel is moved by the operator with a typical velocity of about υ s ~ 1 (cm s
−1
). This exposure time was relatively long in comparison to microsecond pulses reported from other studies. An exposure time in the millisecond range is indica tive of a slow tissue temperature increase [15] [16] [17] .
The presented experimental results revealed that the RMS voltages produced from the scalpel are in the 400-600 V range (see figure 8) . The proposed theoretical model indicated that when this range of RMS voltage is applied in 60 ms pulses, it leads to localized heating of the tissue to around 100 °C. Thus, it can be concluded that the RF heat produced by the electro surgical scalpel is sufficient to reach boiling temperature. The boiling of intracellular liquid is associated with the creation of bubbles. These bubbles cause the cell membrane to rup ture, release, and evaporation of the cellular liquid resulting in tissue dehydration and desiccation. The desiccated tissue becomes weakly conductive and structurally less solid than the untreated tissue. Therefore, the simultaneous mechanical scraping can create separation of tissue along the blade of the scalpel by resulting in what is defined as cut. The tissue walls surrounding the incision site are in a coagulated state.
It is important to note that tissue desiccation prevents fur ther RF heating, which inhibits extensive thermal damage. Thus, the conversion of electrically conductive tissue ( t σ = 0.17-0.7 (S m −1 )) into a virtual electrical insulator explains how electrosurgical cutting prevents extensive tissue damage and carbonization. The proposed model also explains why samples with lower conductivity require an increase in power setting for tissue slicing to occur (figure 10). Based on the theoretical predictions (equation (13)), the localized heating of the bio logical sample is proportional to V RMS 2 σ . Therefore, in order to achieve the desired heating effect, tissues with lower electrical conductivity (figure 8) require a larger amount of applied RMS voltage and thus a higher ESU power setting (figures 6 and 10).
Concluding remarks
The cutting mechanism of a hybrid electrosurgical unit with capabilities to coagulate and create incisions was studied. The presented model suggested that cutting occurs as a result of the localized heating of the tissue by Joule's mechanism. The experimental data showed how the amount of power required for creating an incision was dependent on the electrical con ductivity of the biological sample. The decrease in sample conductivity was associated with the change in the sample's water content due to the removal of electrolytes and the slow increase in temperature. The heating region is confined in the area where an electrical field exists, while heat diffusion is negligible leading to minimum tissue damage. 
